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In the developing chick hindlimb, sensory axons, which grow together in bundles as they extend distally, and the
motoneuron axons they encounter express the cell adhesion molecule L1. Following injection of function-blocking anti-L1
antibodies into the limb at stage 25, some sensory axons choose inappropriate peripheral nerves even though motoneuron
pathfinding is unaffected. Here, to further elucidate L1’s role, we assessed the effects of this perturbation using pathway
tracing, immune labeling, confocal microscopy, and electron microscopy. After L1 blockade, sensory axons were still
bundled and closely apposed. However, clear signs of decreased adhesion were detectable ultrastructurally. Further, sensory
axons grew into the limb more slowly than normal, wandering more widely, branching more frequently, and sometimes
extending along inappropriate peripheral nerves. Sensory axons that ultimately projected along different cutaneous nerves
showed increased intermixing in the spinal nerves, due to errors in pathfinding and also to a decreased ability to segregate
into nerve-specific fascicles. These results suggest that, in the highly complex in vivo environment, as in tissue culture, L1
stimulates axon growth and enhances fasciculation, and that these processes contribute to the orderly, timely, and specific
growth of sensory axons into the limb. © 2002 Elsevier Science (USA)
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It is commonly recognized that axonal pathfinding is
mediated by multiple factors that originate from a variety of
cells in (and surrounding) the environment through which
the axon extends. These factors can be either attractive or
repulsive in nature, and they can be either secreted by and
diffuse from the signaling cells, or they can be membrane-
bound and require cell–cell contact. Much recent attention
has focused on identifying the molecules that act as guid-
ance cues. The functional roles of these molecules are
typically elucidated in tissue culture assays that allow a
single property (e.g., rate of growth, adhesiveness, attrac-
tiveness, or repulsiveness) to be examined. Mammalian L1
and chick NgCAM were among the first such molecules to
be identified and characterized. For simplicity, we will
henceforth refer to both the mammalian and the chick
forms of this molecule as L1. L1 is a member of the
immunoglobulin (Ig) superfamily of cell adhesion mol-
1 To whom correspondence should be addressed. Fax: (901) 448-ecules (CAMs). It has six Ig domains, five fibronectin type
III repeats, a membrane-spanning region, and a cytoplasmic
domain with no known enzymatic activity. A variety of in
vitro assays have shown that L1 stimulates neurite out-
growth (e.g., Lagenaur and Lemmon, 1987; Lemmon et al.,
1989) and promotes axonal fasciculation (e.g., Hoffman et
al., 1986; Honig et al., 1998b), and that these effects are
commonly due to homophilic binding. L1 can also interact
with diverse other membrane proteins, including TAG-1/
axonin-1, F3/F11, chondroitin sulfate proteoglycans, and
neuropilin 1 (reviewed by Grumet and Sakurai, 1996;
Hortsch, 1996; Walsh and Doherty, 1997; Brummendorf et
al., 1998; see also Castellani et al., 2000).
In contrast to the wealth of information available on its
molecular characteristics and cellular functions, how L1
actually influences the development of the nervous system
is still unclear. Mutations in the human L1 gene result in
CRASH syndrome, which is characterized by neurological
defects such as hydrocephalus, mental retardation, corpus
callosum hypoplasia, aphasia, and spastic paraplegia. L1
knock-out mice show decreased crossing of corticospinal
tract axons at the pyramidal decussation, hypoplasia of the7193. E-mail: mhonig@utmem.edu.
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cerebellar vermis, enlarged cerebral ventricles, a reduced
corpus callosum, malformed cortical pyramidal cell den-
drites, and decreased numbers of hippocampal neurons
(Cohen et al., 1997; Dahme et al., 1997; Fransen et al., 1998;
Demyanenko et al., 1999). However, the L1-mediated de-
velopmental events responsible for these phenotypic
changes are not fully understood. Moreover, based on L1’s
widespread expression and in vitro effects, humans with
CRASH syndrome and L1 knock-out mice might be ex-
pected to exhibit abnormalities in even more parts of their
nervous systems than have thus far been reported. For
example, after antibody blockade of L1 function, motoneu-
ron axon branching in chick hindlimb muscles (Landmesser
et al., 1988), defasciculation of commissural axons in the
chick spinal cord (Stoeckli and Landmesser, 1995), and
aberrant growth of ganglion cell axons in the rat retina
(Brittis et al., 1995) have been observed.
The projection of sensory axons into the chick hindlimb
provides an intriguing system for examining pathfinding
mechanisms. Sensory axons course distally toward the
hindlimb, together with motoneuron axons, in one of eight
lumbosacral spinal nerves. Axons from several spinal
nerves converge at the base of the limb to form the crural
plexus, anteriorly, or the sciatic plexus, posteriorly. More
distally, groups of axons diverge from each plexus and grow
along discrete peripheral nerves to reach their targets. Both
motoneuron and sensory axons choose the correct periph-
eral nerves from the outset (Landmesser, 1978; Lance-Jones
and Landmesser, 1981; Honig, 1982; Scott, 1982). Sensory
axons not only are responsive to specific limb-associated
cues (Honig et al., 1998a; Wang and Scott, 1999), but
additionally, the interactions sensory axons have with
other axons as they grow into the periphery play an impor-
tant role in their ability to pathfind (Landmesser and Honig,
1986; Honig et al., 1986, 1998a).
To gain insight into potential interactions among the
different kinds of limb-innervating axons, several years ago
we developed a methodology combining retrograde axonal
tracing with an immunofluorescent labeling approach to
distinguish between sensory and motoneuron axons. This
labeling strategy, when used in conjunction with confocal
laser scanning microscopy, allowed us to follow the trajec-
tories of sensory axons having a known destination, while
also identifying their neighbors (Honig et al., 1998a). Re-
sults from normal embryos led to several main conclusions.
First, as sensory and motoneuron axons meet in the spinal
nerves and travel into the limb, sensory axons are bundled
together. These bundles are large proximally, where sensory
axons enter the spinal nerves, and gradually split into
smaller bundles as the axons course distally; more distally,
some bundles join to again form large bundles. Second,
younger, later-growing sensory axons appear to grow pri-
marily along older sensory axons that grew out earlier.
Third, axons projecting along an individual cutaneous nerve
are found together in bundles of varying sizes, starting from
very proximal levels. Some of these bundles are initially
interspersed with bundles of axons projecting along other
nerves. As they travel distally, bundles of axons projecting
along one cutaneous nerve gradually join one another,
becoming increasingly separated from axons having differ-
ent destinations. In contrast, for much of their course,
muscle sensory axons are found together in small bundles
and are situated adjacent to motoneuron axons innervating
the same muscle. Thus, sensory axons begin to associate
with other axons projecting to the same skin or muscle
target very proximally in the spinal nerves. Electron micro-
scopic (EM) observations further showed that sensory axons
in a bundle are indeed very closely apposed to one another
and frequently also to motoneuron axons that are situated
adjacent to the bundle (Xue and Honig, 1999).
Taken together, the confocal and EM results suggested
that fasciculation is an important feature of sensory axon
outgrowth during normal development and that it may
significantly enhance the ability of axons with a common
target to progressively segregate and join together as they
course from spinal nerve to plexus to peripheral nerve.
Given the previously discussed properties of L1, several
observations about its expression suggest that L1 may help
mediate fasciculation in this system. First, L1 is expressed
by the sensory axons themselves, as well as the motoneu-
ron axons they encounter, during the entire time period
that these axons are en route to their peripheral targets
(Daniloff et al., 1986). Second, sensory axons appear to
extend primarily along L1-rich axonal surfaces, rather than
through extracellular matrix or along glial cells (Xue and
Honig, 1999). To help elucidate L1’s role in axonal path-
finding, we previously carried out a series of experiments in
which we injected limbs with function-blocking anti-L1
antibodies. Retrograde labeling revealed changes in the
percentages of retrogradely labeled neurons in different
DRGs, and thereby indicated that pathfinding errors had
occurred (Honig and Rutishauser, 1996).
In the present study, we examine the roles of L1 in
sensory axon outgrowth, fasciculation, and pathfinding,
with a particular focus on cutaneous projections, by using
our triple labeling/confocal approach, anterograde labeling,
and immuno-EM to assess the effects of blocking L1 func-
tion. The results reveal abnormalities that suggest that L1




Anti-L1 antibodies were injected into White Leghorn chick
embryos at stage 25 (Hamburger and Hamilton, 1951). The right
hindlimb was exposed and antibody was pressure-injected into the
anterior part of the thigh, where the crural plexus is located, as
described previously (Honig and Rutishauser, 1996). Most embryos
were injected twice daily for 2 days, to help maintain a sustained
blockade of L1 function, and allowed to survive until stage 30,
when they were prepared for retrograde labeling or fixed for EM.
Other embryos were sacrificed either 5 or 8 h after the initial
antibody injection for anterograde or immunofluorescent labeling,
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respectively, and a few embryos were fixed at either stage 27 or
stage 30 for labeling apoptotic cells.
The injected anti-L1 antibodies were monovalent Fab fragments
of a function-blocking rabbit polyclonal antibody (kindly provided
by Urs Rutishauser), used at 20 times the concentration needed
for maximal effects in tissue culture assays (9 mg/ml), to compen-
sate for the widespread diffusion of antibodies and their partial
removal by the circulation. Control embryos were injected with
either nonimmune rabbit Fab fragments (22 mg/ml) or 0.1 M
sodium phosphate buffer (PB). As an additional control, some
embryos were injected with rabbit anti-NCAM Fab fragments (22
mg/ml). Anti-NCAM binds to sensory and motoneuron axons, but
it does not alter the segmental pattern of sensory projections,
presumably because the NCAM on these axons is heavily poly-
sialylated (Honig and Rutishauser, 1996).
Retrograde Labeling and Immunofluorescence
Procedures for Confocal Analysis
Retrograde labeling was used in conjunction with immunofluo-
rescence procedures, as previously described (Honig et al., 1998a).
In brief, axons projecting along either the lateral femoral cutaneous
(LFCt) nerve or the medial femoral cutaneous (MFCt) nerve were
retrogradely labeled by using either Texas Red dextran amine
(TRDA) or fluorescein dextran amine (FDA). Embryos were later
fixed and subsequently cryostat-sectioned at 20 m, transverse to
the long axis of the thigh, so that the plexus and spinal nerves were
cut in cross-section.
Sections from limbs with one retrogradely labeled cutaneous
nerve were processed for double-immunofluorescent labeling. A
rabbit polyclonal antibody against chick L1 (R020; provided by Urs
Rutishauser) and a secondary antibody conjugated to Cy5 were
used to visualize all axons. Sensory axons were labeled with a
mouse monoclonal antibody against axonin-1 (23.4–5; made by
Jessell and Dodd and obtained from the Developmental Studies
Hybridoma Bank) and a secondary antibody conjugated to fluores-
cein. Axons that were not labeled with the sensory-specific anti-
body were considered to be motoneuron axons. For embryos in
which both cutaneous nerves were retrogradely labeled, axonin-1
labeling was visualized with a Cy5-conjugated secondary antibody.
In this situation, motoneuron axons were not stained, but the
general outlines of the plexus and the spinal nerves were still
discernible. To produce a brighter FDA signal, anti-fluorescein
antibodies conjugated to Alexa 488 (Molecular Probes) were some-
times applied to the sections.
Confocal Microscopy and Analysis
Serial sections through the limb were viewed by using a BioRad
confocal laser scanning microscope as previously described (Honig
et al., 1998a). Images were captured using a 40 oil immersion
objective with a numerical aperture of 1.4, under conditions that
yield a resolution of about 0.4 m in the x–y-axis and 0.9 m in the
z-axis. Selected images were subsequently processed by using
Adobe Photoshop and quantification was done with NIH Image.
Waviness analysis. After anti-L1 injection, sensory axon
bundles in sections through the plexus frequently had a wavy
appearance, and so we decided to quantify the incidence and degree
of waviness. To do this, we selected the images having the waviest
sensory axon bundles for each limb. If no section fit this descrip-
tion, a section midway through the plexus was used. Several
images were then chosen to establish a defined scale for the varying
degrees of waviness, with 0 normal (not wavy), 2 some bundles
showing a moderate degree of waviness, and 4  many bundles
showing a pronounced waviness (see Fig. 2). All the images were
then coded for a subsequent blind analysis in which each image
was assigned a value of 0, 1, 2, 3, or 4 by two independent observers,
whose ratings were later averaged. The waviness value for the
image having the highest average value for the images from a given
limb was used as the “waviness index” for that limb.
Distribution and intermixing of LFCt and MFCt axons in spinal
nerves. To determine whether anti-L1 injections resulted in
changes in the distribution of, and the extent of any intermixing
between, LFCt and MFCt axons in spinal nerves LS1, -2, and -3, we
chose images from the 8th section distal to the distal edge of each
DRG as a standard location to analyze. “Thresholding” to selec-
tively trace axonal labeling did not accurately depict the distribu-
tion of labeling, due to variation in its intensity and that of the
background fluorescence, and so we instead prepared black and
white printouts separately showing labeled LFCt and MFCt axons
in each spinal nerve at high resolution and traced the labeling on a
transparency sheet. The drawings were checked for accuracy by
comparing them with the original images on the computer moni-
tor, scanned into the computer, and the scanned images were
opened in NIH Image. Each image was then “thresholded” and
converted to a binary image, from which the area occupied by the
retrogradely labeled axons was measured. We also overlaid these
images with a grid composed of 5-m square boxes and scored the
number of boxes containing each type of cutaneous axon, to
examine the overall distribution of LFCt and MFCt axons in the
spinal nerves.
To assess the extent of intermixing between MFCt and LFCt
axons, the two binary images separately representing either retro-
gradely labeled LFCt axons or retrogradely labeled MFCt axons
were opened in Adobe Photoshop, pseudocolored green and red,
respectively, and merged. In theory, only axons sending branches
along both cutaneous nerves should appear yellow in the merged
images. However, if this were the case, a significant amount of
yellow would be present in images not only of the proximal spinal
nerves, but also of the plexus, where LFCt and MFCt axons are fully
segregated from one another. Because it was not, and because the
diameter of individual sensory axons was at the resolution of the
confocal microscope (Honig et al., 1998a), in actuality, yellow
appeared primarily wherever LFCt and MFCt axons were too finely
intermixed together to be resolved separately. Accordingly, we
determined the amount of yellow in the merged images by con-
verting each image to grayscale and then, using the NIH Image
software, measuring the area that corresponded to yellow in the
color Photoshop image.
The extent of intermixing that can occur between two popula-
tions (i.e., in this analysis, the amount of yellow) depends on their
absolute and relative sizes. For example, if no LFCt axons are
present, there cannot possibly be any yellow. If LFCt and MFCt
axons are each present in high numbers, all other things being
equal, one would expect there to be more yellow than if one type is
plentiful and the other type rare. We therefore divided the amount
of yellow by the harmonic mean, which was determined by using
the formula (A  B  2)/A  B), where A represents a particular
value for the LFCt and B for the MFCt, and which serves as a good
indicator of the combined impact of the differing abundances of
two populations. For example, if A and B are each 800, both their
harmonic mean and their arithmetic mean are 800. In contrast, if A
is 1400 and B 200, their harmonic mean is 350 while the arithmetic
mean is 800. The likelihood of overlap is less in the latter than in
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the former case, and so, dividing by the harmonic mean provides a
way to determine whether the amount of overlap is greater than
normal in a given situation. Accordingly, we divided the number of
yellow pixels either by the harmonic mean of the areas occupied by
the two types of axons individually in that spinal nerve, to
normalize for differences in the areas occupied by the two types of
axons in each spinal nerve, or by the harmonic mean of the number
of LFCt and MFCt neurons in the corresponding DRG, to normalize
for differences in the numbers of neurons of each type projecting
along each spinal nerve.
DRG Cell Counts
Retrogradely labeled cell bodies were counted in every section
through the DRGs by using conventional fluorescence microscopy,
as described in Honig and Rutishauser (1996). To indicate the
relative contribution of each DRG to the particular nerve, the
number of labeled cells in that DRG was expressed as a percentage
of the total number of labeled DRG neurons on that side of the
embryo.
Counts of Dying Neurons
To identify dying neurons, stage 27 and stage 30 embryos were
fixed in 4% paraformaldehyde and cryostat-sectioned at 30 m.
Sections were processed by using the ApopTag Peroxidase kit
(Intergen). Dying cells were counted in DRGs LS1 and LS2 for two
anti-L1-injected embryos, two control-injected embryos, and two
normal embryos, at each of the two stages.
Tissue Processing for EM and Analysis
For EM analysis, tissue was prepared and sensory axons were
visualized by using anti-axonin-1, peroxidase-antiperoxidase, and a
DAB reaction, as previously described (Xue and Honig, 1999). To
assess possible changes in the ultrastructural appearance of sensory
axon bundles, we used representative micrographs (taken at 5000)
through the distal spinal nerves and crural plexus from experimen-
tal and normal embryos that had been fixed and processed at the
same time. Several bundles of sensory axons were chosen and,
using images scanned into the computer, the axons in those
bundles were outlined in a separate layer in Adobe Photoshop. The
drawing of the outlined axons was then converted into an NIH
Image file, which was used to measure the area of each axon, the
long and short axis of each axon, and the extent of contact between
neighboring axons, as illustrated in Fig. 3E.
Anterograde Labeling and Analysis
To assess the effects of anti-L1 on axonal trajectories, horserad-
ish peroxidase (HRP) was used to anterogradely label individual
sensory axons in embryos that had been injected with anti-L1 5–6
h previously. The DRGs were exposed from the dorsal surface, to
reduce the possibility of HRP spreading to the ventral roots. A
small amount of HRP was pressure-injected into the center of each
DRG, so that only a small number of neurons was labeled. After
allowing 4 h at 28°C for transport, the embryos were fixed in 1.25%
glutaraldehyde/1% paraformaldehyde/10% sucrose/0.1 M PB. The
limbs were later separated from the rest of the embryo, embedded
in 5% agarose, and vibratome-sectioned at 250 m from the lateral
to the medial surface so that most of the major nerve trunks were
present in one section. The HRP was visualized with a nickel-
intensified DAB reaction (as in Veenman et al., 1992), and then the
sections were dehydrated, cleared, and mounted between two
coverslips.
Labeled sensory axons were observed at a magnification of 400
and traced with a camera lucida. We focused on spinal nerves
LS4–LS6 and the sciatic plexus because a high concentration of the
injected antibody reached this region (see Results) and, in a single
section, long lengths of axons could more frequently be seen
traversing the sciatic plexus than the crural plexus. We overlaid the
camera lucida drawings with a grid consisting of a series of parallel
lines, spaced 30 m apart and oriented so the lines were parallel to
the direction that the labeled profiles predominantly followed, and
extending distally the equivalent of 200 m, with the proximal
edge of the grid being placed at the juncture of spinal nerves LS5
and LS6 (see Fig. 6). Within this 200-m-long region of the plexus,
we counted how many times each of the parallel grid lines was
crossed by labeled axonal profiles. We also determined how many
abrupt turns were made by labeled axons within this region. To be
counted as a turn, an axon had to first be visualizable for at least 15
m, change its direction by at least 30° within a 30-m distance,
and then continue in the new direction for at least 15 m. We
expressed both the total number of crossings and the total number
of turns relative to the number of labeled axonal profiles that
crossed the proximal–distal midpoint of the grid. It should be noted
that we could not reliably analyze the distalmost part of many
sensory axons, as has been possible for motoneuron axons (Tosney
and Landmesser, 1985a; Tang et al., 1994; Hollyday and Morgan-
Carr, 1995), because sensory axons, which are exceedingly narrow
(0.2–5 m in diameter, Xue and Honig, 1999), were rarely
visualizable for their entire length (see also Hollyday and Morgan-
Carr, 1995), and their small growth cones (Tosney and Landmesser,
1985a; Hollyday and Morgan-Carr, 1995) were very difficult to
discern in our thick sections.
Immune Staining of Sensory Axons in Stage 25–26
Embryos
To assess effects on sensory axon growth, embryos (i.e., the
spinal cord and hindlimbs) were fixed 8 h after the initial anti-L1
injection and processed for immune-staining as whole mounts. The
tissue was freeze-thawed, to enhance antibody penetration, and
immersed first in 23.4–5 and then in anti-mouse Alexa 488, for two
successive rounds, over a period of 6–8 days, and finally mounted
between two coverslips, using pieces of other coverslips as spacers
to avoid compression. We captured confocal images from the
lateral and medial surface of each limb with a 4 objective and an
iris setting of 5, to reveal the overall nerve pattern, and from the
lateral surface with a 10 objective and an iris setting of 3.5, to
visualize the LFCt nerve ramifying within the skin. To examine
the extent of sensory axon growth, we analyzed images of the LFCt
nerve, first tracing the LFCt nerve with a combination of thresh-
olding and drawing tools and then measuring the area it occupied
within the skin. We also measured the length of the longest axon in
the skin, by starting from the point where the LFCt nerve appeared
to enter the skin and following the most direct route to the
distalmost tip.
RESULTS
Anti-L1 injections were started at stage 25, before most
sensory axons have entered the plexus (Landmesser and
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Honig, 1986; Honig et al., 1998a; Wang and Scott, 2000), so
that they were vulnerable to perturbation. In contrast,
motoneuron axons, which have already sorted out into
nerve-specific bundles within the plexus (Lance-Jones and
Landmesser, 1981; Tosney and Landmesser, 1985b), are
seemingly unaffected and project correctly (Honig and Rut-
ishauser, 1996).
Examination of sections stained with a fluorescent anti-
body against rabbit immunoglobulin showed that the in-
jected anti-L1 bound at high concentration to the axons of
interest (Honig and Rutishauser, 1996). The crural plexus,
the peripheral nerves arising from it, and spinal nerves
LS1–LS3 were intensely labeled, with slightly less labeling
of axons in the posterior part of the thigh and even less
intense labeling of axons in the contralateral limb. For these
experiments, we injected more antibody than previously, to
maximize the antibody blockade, and we reinjected anti-
body twice daily (rather than once a day), to help maintain
the blockade. Under these conditions, in contrast to our
previous study, the antibodies spread so extensively that
the contralateral limbs, although exposed to less antibody
than the injected limbs, could no longer be considered
normal. However, data from the contralateral limbs could
now be used to help verify that the effects we observed here
were due to blocking L1 function rather than to the injec-
tion procedure itself.
As a first step in examining the effects of anti-L1, we
assessed the overall nerve pattern in stage 30 embryos by
immunofluorescently labeling all axons in transverse sec-
tions through the thigh. Detailed measurements indicated
that exposure to anti-L1 was not associated with consistent
changes in the size or shape of the crural plexus or the
spinal nerves contributing to it. This result, together with
the finding that the peripheral nerves arising from the
plexus developed in their normal positions, followed nor-
mal trajectories, and appeared normal in size (see also
Honig and Rutishauser, 1996), indicates that anti-L1 did not
affect the outgrowth of axons along spinal nerves, through
the plexus, or along peripheral nerve pathways severely
enough to cause evident malformations.
Effects on Sensory Axon Bundles Visualized
with Confocal Microscopy
To examine the effects of anti-L1 on sensory projections,
we used immunofluorescent detection of axonin-1 to spe-
cifically label sensory axons. Large numbers of sensory
axons still projected along cutaneous nerves while other
sensory axons projected along muscle nerves. These obser-
vations confirmed our previous findings (Honig and Rut-
ishauser, 1996), based on retrogradely labeling the MFCt
nerve and the sartorius muscle nerve, and extended them to
all the peripheral nerves in the hindlimb.
In various tissue culture assays, exposure to anti-L1 has
been shown to cause axons to extend more slowly along
other axons (Chang et al., 1987) and to defasciculate from
one another (Hoffman et al., 1986; Honig et al., 1998b). To
determine whether similar effects occur in vivo, we exam-
ined the sizes of sensory axon bundles and their spatial
arrangement relative to motoneuron axons, at different
proximal–distal levels through the spinal nerves and
plexus, and found that they did not consistently differ from
what is typically seen at the corresponding levels in normal
embryos (Fig. 1). Further, the area occupied by sensory
axons (relative to that occupied by motoneuron axons) was
not significantly changed, suggesting that sensory axons
indeed grew into the limb in roughly normal numbers.
We noticed that, in the anti-L1-injected limbs, sensory
axon bundles frequently had a distinctively wavy appear-
ance in sections through the plexus (Fig. 2). Because undu-
lating neuronal processes had previously been observed in
zebrafish after exposure to anti-CAMs (Weiland et al., 1997)
and in L1-knockout mice (Demyanenko et al., 1999), we
quantified the incidence and degree of waviness. Pro-
nounced waviness was found significantly more often, and
no waviness less often, in the crural plexus in the anti-L1-
injected limbs than in normal right limbs or in limbs that
received control injections or injections of anti-NCAM.
Similar, albeit smaller, changes were found on the con-
tralateral sides of the anti-L1-injected embryos, due to
antibody spread (data not shown). Thus, wavy sensory axon
bundles seem to be associated with blocking L1 function.
Effects on Sensory Axon Shape and Neighbor
Contacts at the EM Level
We processed several embryos for immune staining of
axonin-1 and examination at the EM level. As seen in the
representative views of sensory axons (Fig. 3), taken from
cross-sections through the distal spinal nerves, sensory
axons remained closely apposed to one another after anti-L1
injections, yet clear changes in their shapes and spatial
relationships were evident. First, sensory axons in the
anti-L1-injected limbs had more circular profiles, whereas
those in normal embryos were more elongated. When we
quantified this, we found that the ratio of the diameter of
each sensory axon across its long axis to that across its short
axis was significantly less in the anti-L1-injected limbs
than in normal embryos, although the cross-sectional areas
of the axons did not differ significantly (data not shown).
Second, in the anti-L1-injected limbs, each sensory axon
appeared to contact several of its neighbors fairly equally,
while in normal embryos each sensory axon seemed to
contact one of its neighbors more extensively than the
others. When this was quantified, we found that the length
of membrane apposed to the most extensively contacted
neighbor, expressed as a percentage of the axon’s circum-
ference, was slightly less than normal in the anti-L1-
injected limbs. Most importantly, significantly fewer sen-
sory axons shared extensive contacts with a single neighbor
after anti-L1 injections than was the case in normal em-
bryos.
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Retrograde Labeling of LFCt and MFCt Neurons
and Axons
To further examine the effects of anti-L1, we retrogradely
labeled the MFCt and/or the LFCt nerve and sectioned the
embryos transverse to the long axis of the thigh. The
numbers of retrogradely labeled DRG neurons were
counted, to assess effects on cutaneous axon outgrowth and
segmental projection patterns, and the course of the retro-
gradely labeled axons in the spinal nerves and plexus was
examined, to assess the normalcy of axonal pathfinding.
Counts of retrogradely labeled neurons. For anti-L1-
injected limbs, the numbers of retrogradely labeled MFCt
neurons and LFCt neurons were decreased to 73 and 85% of
normal, respectively (Fig. 4). It should be noted that the
relative reduction in numbers was greater for MFCt neu-
rons, whose axons must traverse longer distances to reach
the site of dye injection, than for LFCt neurons. Decreased
numbers of MFCt and LFCt neurons were also found
contralaterally, due to spread of anti-L1. Small decreases
were detected on both sides of control-injected embryos,
but these were not statistically significant and probably
resulted from the embryos being cooled to room tempera-
ture each time they were removed from the incubator for an
antibody injection. Counts of MFCt neurons from anti-
NCAM-injected embryos, which were part of our previous
study (Honig and Rutishauser, 1996) and reanalyzed for the
purposes of the current study, were also not significantly
decreased. Thus, L1 blockade resulted in a decrease in the
number of retrogradely labeled cutaneous neurons. One
possible reason for this decrease could be an increase in
sensory neuron cell death. However, dying cells were not
any more numerous in the DRGs of anti-L1-injected em-
bryos examined either at stage 27 (1 day after the initial
antibody injection) or at stage 30 (when we typically retro-
gradely labeled the cutaneous nerves) than in control-
injected and normal embryos (data not shown). Given that
FIG. 1. The pattern of sensory axon bundling is normal in anti-L1-injected limbs. (A) The nerve pattern in the anterior part of the
hindlimb. Anterior is to the left, proximal toward the top. Lumbosacral spinal nerves (LS1–LS3) converge in the crural plexus; more distally,
the lateral femoral cutaneous nerve (LFCt), the medial femoral cutaneous nerve (MFCt), and several muscle nerves diverge. (B–E) Confocal
micrographs of cross-sections through normal and anti-L1-injected limbs showing immunofluorescently labeled sensory axons. Anterior is
to the left, ventral is toward the top. (B, C) In spinal nerve LS2, bundles of sensory axons are intermixed with motoneuron axons in
anti-L1-injected limbs, as they are in normal limbs. (D, E) In the crural plexus of anti-L1-injected limbs and normal limbs, some bundles
of sensory axons are joined together, forming very large bundles at opposite ends of the plexus, that will ultimately project along the LFCt
and MFCt nerves. In the central part of the plexus, small bundles of sensory axons are intermixed with motoneuron axons. Calibration bar
for (A), 200 m; for (B–E), 50 m.
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FIG. 2. When L1 function is blocked, sensory axon bundles have a wavy appearance in the plexus. (A–C) Confocal micrographs of sections
midway through the plexus showing immunofluorescently labeled sensory axons. Anterior is to the left, ventral is toward the top. These
three images illustrate the standards used to define the varying degrees of waviness. Arrows in (B) indicate wavy sensory axon bundles. (D)
The percentage of anti-L1-injected limbs with sensory axon bundles that were not wavy (WI  0) was less than for normal right limbs (P 
0.05), or limbs with control injections (P  0.009), or limbs with injections of anti-NCAM, although this last difference did not reach
statistical significance (P  0.106). The percentage of anti-L1-injected limbs with many very wavy sensory axon bundles (WI  3.5) was
larger than for normal limbs (P  0.0166), or limbs with control injections (P  0.0147), or limbs with injections of anti-NCAM (p  0.036).
Values of 0% were plotted at 0.1% so that they are visible. Data from the different groups were compared using a mixed model analysis
of variance for repeated measures and a priori contrasts. Calibration bar for (A–C), 50 m.
143Role of L1 in Sensory Axon Outgrowth
experiments in tissue culture (Lagenaur and Lemmon,
1987; Chang et al., 1987) and on stage 25–26 embryos
(described later) suggest that axons grow more slowly dur-
ing L1 blockade, it is likely that fewer neurons were
retrogradely labeled because the axons of the younger
cutaneous neurons had not yet reached the site where dye
was injected (which they would need to do to become
labeled). Misrouting of some sensory axons may also con-
tribute to the lower cell counts (see Discussion).
Segmental pattern of cutaneous projections. In normal
embryos, the MFCt nerve receives a major contribution
from DRG LS2 and smaller contributions from DRGs LS1
and LS3, whereas the LFCt nerve receives its largest contri-
bution from DRG LS1, a lesser contribution from DRG LS2,
and only a small contribution from DRG LS3 (Honig, 1982).
Projections on the two sides of the same embryo are
typically very similar; by comparing them, we previously
showed that anti-L1 injection results in a significant de-
crease in the projection from DRG LS1 to the MFCt nerve
and corresponding increases in the contributions of DRGs
LS2 and LS3 (Honig and Rutishauser, 1996). In the current
study, we found the same pattern of changes in projections
along the MFCt nerve. However, the differences between
injected and contralateral limbs were smaller than before,
presumably because the larger amount of injected anti-L1
showed greater spread to and thereby had a larger effect on
the contralateral limb than previously.
Based on our previous results, we had concluded that L1
blockade results in a decrease in projections from DRGs
whose axons had to cross the anterior–posterior axis of the
crural plexus (i.e., DRG LS1 for the MFCt nerve). If this was
indeed correct, then for projections along the LFCt nerve in
anti-L1 injected limbs, the contribution from DRG LS1
should be increased and the contributions from DRG LS2
and LS3 should be decreased. However, contrary to expec-
tation, for the seven anti-L1-injected limbs examined in
this way, we found a 10.1% decrease in the DRG LS1
contribution to the LFCt nerve, a 10.4% increase in the
DRG LS2 contribution, and a 0.7% increase in the DRG LS3
contribution as compared with the contralateral limb.
While these differences were small, probably due to the
anti-L1 spreading contralaterally, they require that we
modify our view of how L1 blockade perturbs segmental
projection patterns (see Discussion).
Confocal analysis of LFCt and MFCt axon area, distri-
bution, and overlap in the spinal nerves. As LFCt and
MFCt axons course distally, they come to occupy charac-
teristic positions within each of the spinal nerves and
become progressively segregated from one another. When
we followed the course of retrogradely labeled LFCt and
MFCt axons into anti-L1-injected limbs, our initial impres-
sion was that the spatial localization and segregation of the
two types of cutaneous axons were not complete until a
more distal level than normal. To examine this possibility,
we analyzed in detail sections at a standard proximal–distal
level through the spinal nerves. The results in Fig. 5 show
that the area occupied by both LFCt and MFCt axons on a
per neuron basis in each of the spinal nerves was greater
than normal in the anti-L1-injected limbs. While this in-
crease, in principle, could be the consequence of the axons
being less tightly packed, this type of change was not seen
at the EM level. Moreover, this increase was largest for LS1
and statistically significant only for MFCt axons in LS1.
Although the variation in the results for different spinal
nerves was initially puzzling, spinal nerve LS1 travels
caudally to join the plexus (see Fig. 1A), and so it was
always sectioned at a more oblique angle than were spinal
nerves LS2 or LS3. Because the optical sections visualized
with the confocal microscope had a thickness of 1 m, an
axon that wandered or traveled obliquely within a section
would occupy a larger area than the same diameter axon cut
in cross-section. Accordingly, an increase in the tortuosity
of axonal trajectories would result in a greater increase in
the area measured for axons in spinal nerve LS1 than for
those in LS2 or LS3. Direct evidence that sensory axons
change direction more frequently in anti-L1-injected em-
bryos than in normal embryos is described later.
We then examined the overall distribution of LFCt and
MFCt axons and found that, in anti-L1-injected limbs, LFCt
and MFCt axons were not distributed more widely through-
out each spinal nerve than normal, considering the in-
creased area that the axons occupied (data not shown).
We next evaluated the extent of intermixing between
LFCt and MFCt axons by counting the number of yellow
pixels in merged images of “green” LFCt and “red” MFCt
axons. The results in Fig. 5 show that the number of yellow
pixels normalized in either of two ways (described in detail
in Materials and Methods) was greater in the anti-L1-
injected limbs than in normal embryos. These differences
were statistically significant for all three spinal nerves
when we normalized by using the harmonic mean of the
number of LFCt and MFCt neurons in the corresponding
DRG. These differences were also statistically significant
for spinal nerves LS2 and LS3, but not LS1, when we
normalized using the harmonic mean of the areas occupied
by LFCt and MFCt axons. Thus, the greater than normal
amount of intermixing between LFCt and MFCt axons in
LS1 appears to be attributable to the increased areas occu-
pied by LFCt and MFCt axons individually, whereas that in
LS2 and LS3 is greater than would be expected based on
those increased areas. Importantly, increased intermixing
was not found in limbs which received control injections or
injections of anti-NCAM (data not shown) and thus, it
appears to be due to a specific effect of anti-L1. Whether the
increased intermixing results from LFCt and MFCt axons
being delayed in their segregation from one another and/or
from some sensory axons projecting along inappropriate
peripheral nerves will be considered in Discussion.
EM Axon Counts
As there were fewer retrogradely labeled MFCt and LFCt
DRG neurons in anti-L1-injected embryos than normal, one
would expect that the number of axons in the cutaneous
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FIG. 3. Sensory axons in anti-L1-injected limbs exhibit changes in their shapes and spatial relationships. (A, B) EM views of cross-sections
through the distal spinal nerves of normal and anti-L1-injected limbs immune stained for axonin-1 to identify sensory axons. (C, D)
Outlines of the axons in (A) and (B). Shaded profiles were excluded from analysis because they (or a neighbor) had poor ultrastructural
preservation, they had the appearance of a motoneuron axon, or they were at the periphery of the sensory bundle. The length of membrane
apposed to the most extensively contacted neighbor is shown in red and indicated by an arrow. Green asterisks mark axons for which this
contact was 30% of the axon’s circumference. Sensory axons in the anti-L1-injected limbs have more circular profiles and contact several
neighbors fairly equally, whereas those in normal embryos are more elongated and tend to contact one neighbor more extensively than the
others. (E) Analysis. The diameter of each sensory axon across its long axis (L) and across its short axis (W) was measured and then used
to calculate a ratio, with L/W  1 indicating a circular axonal cross-section. The length of membrane apposed to the most extensively
contacted neighbor (red, with an arrow at either end) was measured and expressed as a percentage of the axon’s circumference (% longest
contact). (F) Quantification. Data shown are the least square mean values for five sensory axon bundles (containing 250 axons) from
normal embryos and four sensory axon bundles (containing 300 axons) from anti-L1-injected embryos, each bundle being from a different
micrograph. Results were compared by using an analysis of variance for a nested design. Calibration bar for (A–D), 1 m.
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nerves would also be less than normal. In normal embryos,
the average number of axons in either the MFCt or the LFCt
nerve is about 30% greater than the average number of
retrogradely labeled DRG neurons (Xue and Honig, 1999),
seemingly because some cutaneous axons branch before
reaching the site where they are counted. Unexpectedly, the
EM counts of MFCt and LFCt axons in the anti-L1-injected
limbs were slightly greater than normal (Fig. 4). The sim-
plest explanation for why axon counts so exceed neuron
counts after anti-L1 injection is that cutaneous axons
branch to greater extent than normal.
Effects on Sensory Axons at Stage 25–26
The results from retrogradely labeling cutaneous nerves
in stage 30 embryos suggested that L1 blockade may alter
sensory axon trajectories and decrease the rate of sensory
axon growth. To examine these possibilities more directly,
we analyzed embryos at relatively short times (5–8 h) after
an initial injection of anti-L1 at stage 25, when the hind-
limb is much smaller and the plexus and peripheral nerves
are less axon-rich than at stage 30, thereby facilitating
certain types of analyses.
To assess anti-L1’s effects on the trajectories of individual
sensory axons, we anterogradely labeled small numbers of
DRG neurons. The results in Fig. 6 show that, in normal
and control-injected limbs, most sensory axons followed
trajectories that were relatively straight and roughly paral-
lel to the proximal–distal axis of the sciatic plexus. There
were occasional exceptions to this as sensory axons do not
project into the limb in a strictly topographic fashion and
some axons change their trajectories abruptly (Honig, 1982).
In contrast, in anti-L1-injected limbs, the frequency of
axons turning at angles greater than 30° was more than
twice the normal value. In addition, the incidence of axonal
profiles traveling oblique to the long axis of the plexus (i.e.,
crossing the parallel grid lines) was significantly greater
than in normal or control-injected limbs. It should be noted
that some of the labeled axons we examined would have
entered the plexus after the anti-L1 injection, while other
labeled axons would have already grown through the region
of interest. However, by including the latter axons in our
analysis, we would have, if anything, underestimated the
true magnitude of anti-L1’s effects. Thus, after anti-L1
injection, sensory axons follow trajectories that are less
straight and more tortuous than normal.
To determine whether L1 blockade decreased the dis-
tance sensory axons grew during a defined time period, we
fixed a series of embryos 8 h after anti-L1 was injected into
the limb and later immune-stained sensory axons in whole
mounts of the isolated spinal cord and hindlimbs. We
focused our analysis on the LFCt nerve, measuring both the
length of the longest axon and the total area occupied by
LFCt axons ramifying within the skin, to reveal possible
changes in the growth of a population of axons (Fig. 7). At
the time anti-L1 was injected into the limb, motoneuron
axons and the axons of the older sensory neurons had
already segregated into nerve-specific bundles within the
plexus (Lance-Jones and Landmesser, 1981; Honig et al.,
1998), and were waiting for the limb to mature sufficiently
before extending along one of several distinct peripheral
nerve pathways (Tosney and Landmesser, 1985b; Wang and
Scott, 2000). We reasoned that the vast majority of (if not
all) LFCt axons that were present within the skin when the
embryos were sacrificed would have been about to enter the
LFCt nerve at the time of the anti-L1 injection, basing this
estimate on how far other sensory axons had extended into
the limb proper during this 8-h time interval. Further, as
motoneuron axons project correctly when CAM function is
perturbed at stage 25 (Tang et al., 1992), we would expect
those sensory axons that had already sorted out appropri-
ately in the plexus to still enter and grow along the LFCt
nerve after L1 blockade. Thus, any changes in LFCt axon
length and area observed at stage 25–26 should not be
attributable to some of the axons having been misdirected
into a different peripheral nerve. Additionally, an increase
in DRG cell death so early in development (in relation to
the normal onset of cell death; Caldero et al., 1998) and
after such a short time interval is unlikely to have occurred
and, in fact, was not found.
We found that the average LFCt length in the anti-L1-
injected limbs was less than in the contralateral limbs (317
vs. 378 m), a ratio of 0.84. In contrast, LFCt length was
nearly identical on the two sides of normal embryos (457
m for each side, ratio 1.00) and control-injected embryos
(309 and 311 m, ratio 0.99). More strikingly, as shown in
Fig. 7F, we found that the area occupied by the LFCt nerve
within the skin was significantly less in anti-L1-injected
limbs than in both the normal and the control-injected
limbs. A similar, albeit smaller, decrease in LFCt area was
seen on the contralateral side, due to spread of the anti-L1.
As LFCt area reflects both the number of axons in the LFCt
nerve and the distance they have extended, our results
suggest that fewer cutaneous axons had reached the skin
after L1 blockade and/or those that had, did not extend as
far within it. It should also be noted that any defascicula-
tion and increased branching that anti-L1 may cause (see
above) would, if anything, increase the area measured and
thereby lead us to underestimate anti-L1’s effects on axon
growth. Thus, L1 blockade appears to decrease the rate of
sensory axon growth.
DISCUSSION
The results presented here show that L1 blockade, start-
ing at a time when motoneuron axons have already sorted
out into nerve-specific bundles at the base of the plexus,
causes sensory axons, most of which have not yet entered
the plexus at the start of the perturbation, to later exhibit
alterations in their arrangement and trajectories. The ob-
served abnormalities suggest that, in the highly complex in
vivo environment, as in tissue culture, L1 stimulates neu-
rite outgrowth and enhances axonal fasciculation, and in
146 Honig, Camilli, and Xue
© 2002 Elsevier Science (USA). All rights reserved.
turn, these processes contribute to the ability of sensory
axons to grow along the appropriate peripheral nerves.
Effects of Anti-L1 on Sensory Axon Bundling
In embryos injected with anti-L1, the spinal nerves and
the crural plexus did not consistently change in size or
shape, and peripheral nerves developed normally. Perturb-
ing L1 function, at least starting at stage 25, therefore does
not grossly affect the nerve pattern in the limb.
The sizes of sensory axon bundles and their spatial
arrangement relative to motoneuron axons at different
proximal–distal levels through the spinal nerves and plexus
were not consistently different than normal in anti-L1-
injected embryos. EM similarly did not reveal any obvious
changes in the sizes, frequency, or overall arrangement of
sensory axon bundles. The normalcy of sensory axon bun-
dling after L1 blockade indicates that this process must be
mediated by molecules other than, or in addition to, L1.
Physical constraints related to the crowded axon-rich envi-
ronment may also limit the ability of growing sensory
axons to diverge from the bundles in which they travel.
Evidence for a Decreased Rate of Sensory Axon
Outgrowth
In anti-L1-injected embryos, decreased numbers of MFCt
and LFCt neurons were retrogradely labeled at stage 30. One
possible explanation for this could be that cell death in the
DRGs was increased. However, we did not detect any such
increase at either stage 27 or stage 30. A second possibility
is that sensory axons grew into the limb at a decreased rate.
Evidence for this came from the observation that, shortly
after the LFCt nerve formed, the axons arising from it
occupied a smaller area within the skin in the anti-L1-
injected limbs than on the contralateral side, and as com-
pared to normal and control-injected limbs. This suggests
that, following L1 blockade, fewer cutaneous axons had
reached the skin, and/or those that had, did not extend as
far within it. A third possibility is that some cutaneous
axons were misrouted along other peripheral nerves. As
explained in Results, we would not expect the axons of the
oldest sensory neurons, having already segregated into
nerve-specific bundles within the plexus by the time of the
anti-L1 injection, to become misrouted along another path-
way and fail to extend along the appropriate nerve. How-
ever, axons that were just entering or had not yet entered
the plexus at this time could have become misdirected.
Importantly, the contribution that the “younger” axons
make in normal embryos (or could possibly fail to make in
the experimental embryos) to the LFCt nerve area measured
at stage 25–26 would be relatively small, and therefore it
would not confound our interpretation that sensory axon
growth is slower. Nonetheless, misrouting could poten-
tially contribute to the decreased numbers of retrogradely
labeled MFCt and LFCt neurons and it indeed accounts for
FIG. 4. The numbers of retrogradely labeled cutaneous neurons, but not the numbers of cutaneous axons, are decreased after anti-L1
injections. (A) Fewer MFCt neurons were retrogradely labeled in anti-L1-injected limbs than in the right limbs of normal embryos (P 
0.0001) and embryos with control injections (P  0.0102). A similar, although smaller, decrease was seen contralaterally, due to antibody
spread; the number of MFCt neurons for the left side was significantly less than normal in anti-L1-injected embryos (P  0.0161). (B) A
similar pattern of results was obtained for the LFCt nerve, although this difference reached statistical significance only when the left limbs
of anti-L1-injected and normal embryos were compared (P  0.0464). Data in (A) and (B) are the least square mean  standard error. Data
from the different groups were analyzed by using a mixed model analysis of variance for repeated measures and a priori contrasts to make
comparisons among either right or left limbs. (C) The number of axons in the MFCt and LFCt nerves in anti-L1-injected limbs was similar
to that in normal limbs and always exceeded the number of retrogradely labeled neurons.
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some of the changes in the pattern of segmental projections
we observed at stage 30 (as will be discussed in the next
section).
It should be noted that we had not come to the conclu-
sion that L1 blockade decreases the rate of sensory axon
growth in our previous study. There, we found that MFCt
neuron counts were not always less for the anti-L1-injected
side than for the contralateral side of the same embryo, and
so we were not certain whether L1 blockade indeed resulted
in decreased numbers of retrogradely labeled cutaneous
neurons (Honig and Rutishauser, 1996). However, by ana-
lyzing more embryos and comparing anti-L1-injected em-
bryos with normal and control embryos in the present
study, we now have clear evidence for such a decrease.
Moreover, consistent with the view that sensory axons
grow into the limb at a slower rate during L1 blockade, here
we also found that the reduction in the number of MFCt
neurons, whose axons need to extend longer distances to
become labeled, was greater than for LFCt neurons. Finally,
the observation that sensory axons follow more tortuous
trajectories through the plexus in anti-L1-injected limbs
means that sensory axons frequently traverse longer dis-
tances before diverging along peripheral nerve pathways,
and this may further contribute to their slower distalward
progression.
Changes in the Pattern of Segmental Projections
Both our initial report and the current data show that the
projection to the MFCt nerve from DRG LS1 was decreased
in limbs injected with anti-L1. We previously interpreted
this result in light of the defasciculation that anti-L1 would
FIG. 5. The extent of intermixing between LFCt and MFCt axons in the spinal nerves in anti-L1-injected limbs is greater than normal. (A,
B) Retrogradely labeled green LFCt axons and red MFCt axons in spinal nerve LS2, at the level indicated in Fig. 1A. Anterior is to the left,
ventral is toward the top. Regions where LFCt and MFCt axons were intermixed appear yellow. There is more intermixing in the
anti-L1-injected limb. (C) The data plotted are the ratios of the mean values for spinal nerves LS1, LS2, and LS3 for anti-L1-injected limbs
as compared to normal limbs. For each of the three spinal nerves, the areas occupied by LFCt axons and by MFCt axons on a per neuron
basis were greater in the anti-L1-injected limbs than in normal limbs, although this increase was statistically significant only for MFCt
axons in LS1 (P  0.0028). The anti-L1-injected limbs also showed more intermixing between LFCt and MFCt axons. The increases in the
area occupied by yellow pixels were statistically significant for all three spinal nerves when normalized by using the harmonic mean of the
number of LFCt and MFCt neurons in the corresponding DRG (P  0.0001 for LS1, P  0.046 for LS2, P  0.0012 for LS3). These increases
were also statistically significant for LS2 (P  0.0207) and LS3 (P  0.0024), but not LS1, when normalized by using the harmonic mean
of the areas occupied by LFCt and MFCt axons. The data, from four anti-L1-injected limbs and four normal limbs, were compared by using
an analysis of variance for repeated measures with planned comparisons. Results from three control-injected limbs and two anti-NCAM-
injected limbs also did not significantly differ from normal limbs. Calibration bar for (A) and (B), 50 m.
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be expected to cause (Honig and Rutishauser, 1996). We
suggested that a sensory axon’s ability to navigate through
complex terrain would be lessened if it could not grow
together with other axons following a similar trajectory,
and instead had to proceed independently, as a single axon,
and forge its own pathway. Accordingly, the projection
from DRG LS1 to the MFCt nerve would be decreased
because axons that had to cross the anterior–posterior axis
of the crural plexus were less facile at doing so when they
were defasciculated by L1 blockade. If this explanation was
correct, then for the LFCt nerve, the contribution from the
most proximate DRG, DRG LS1, should be increased and
the contributions from more distant DRGs, DRG LS2 and
LS3, should be decreased. Unexpectedly, we found the
opposite pattern of changes. In particular, the contribution
from DRG LS1 was decreased. A possible explanation for
the diminished LS1 contribution to both cutaneous nerves
is based on the slower rate of sensory axon growth discussed
in the preceding section. DRG LS1 is situated further from
the crural plexus than are DRGs LS2 and LS3, so LS1 axons
travel 30–50% longer than do LS2 axons just to reach the
plexus. Consequently, after L1 blockade, a greater propor-
tion of later-growing sensory axons arising from DRG LS1
would fail to reach the injection site, in the case of both the
MFCt and the LFCt nerve, by stage 30. It should be noted
that by suggesting that slower axon growth is responsible
FIG. 6. Sensory axons in anti-L1-injected limbs follow more tortuous trajectories than normal. (A, B) Camera lucida tracings of sensory
axons entering the sciatic plexus from spinal nerves LS4, LS5, and LS6, overlaid with the grid used for assessing whether axons coursed
parallel to the proximal–distal axis of the sciatic plexus. Proximal is to the left, anterior is toward the top. (A) In a control-injected limb,
most sensory axons follow relatively straight, parallel trajectories. (B) In an anti-L1-injected limb, axonal trajectories more often are oblique
to the long axis of the plexus and characterized by abrupt changes in direction. (C) Some labeled axons in (B) are shown at higher
magnification. The green asterisk marks the same location in (B) and (C). (D) In anti-L1-injected limbs, the proportion of labeled profiles
that cross the parallel grid lines is increased (P  0.031), as are those that make sharp turns (P  0.05). The data from four anti-L1-injected
limbs and five control limbs (two of which were normal and three of which had received a control injection of nonimmune rabbit Fab
fragments) were compared by using a one-sided Wilcoxon two-sample test. Data are the mean  standard error. Calibration bar for (A) and
(B), 50 m.
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FIG. 7. Sensory axons proceed more slowly into anti-L1-injected limbs. (A) Confocal micrograph of a whole-mounted stage 25 1/2 embryo,
viewed from the dorsal surface, showing DRGs LS1–LS4 projecting their axons centrally into the spinal cord (toward the left) and into the
right hindlimb (toward the right). Immunofluorescently labeled sensory axons are seen converging in the crural plexus (large arrow) and
extending into the anterior part of the thigh. Small arrow marks where the LFCt nerve enters the skin and begins to branch. Inset shows
the LFCt nerve, at higher magnification, ramifying within the skin. (B–E) Tracings of the LFCt nerve. Eight hours after the initial anti-L1
injection, the LFCt nerve occupies less area within the skin of the injected limb than the contralateral limb. In contrast, the LFCt is similar
in extent on both sides of an embryo injected with nonimmune rabbit serum. The tracing in (C) corresponds to the micrograph shown in
(A). (F) The area occupied by the LFCt nerve was less in anti-L1-injected limbs than in the right limbs of normal embryos (P  0.029) and
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for at least some of the observed changes in segmental
projection patterns, we are not excluding the possibility
that decreased adhesion caused by anti-L1 also contributes
to these changes in the way we originally proposed. Further,
any difficulty in navigational ability associated with grow-
ing in a more loosely fasciculated manner could potentially
affect LS1 axons, because they have to travel longer dis-
tances, to a greater extent than it affects LS2 and LS3 axons.
Consequently, the decreased LS1 projection may result
from considerable numbers of neurons in DRG LS1, which
normally project along cutaneous nerves, being misdirected
along muscle nerve pathways, as well as from a decrease in
growth rate.
Evidence for Decreased Adhesivity after L1
Blockade
In these experiments, we detected neither the decrease in
the size of sensory axon bundles nor the increase in their
numbers that might have been expected if anti-L1 caused
sensory axons to defasciculate. Moreover, at the ultrastruc-
tural level, sensory axons were still closely apposed to one
another. Nonetheless, we observed several changes that
suggest L1 blockade indeed resulted in decreased adhesion
among neighboring sensory axons. First, individual sensory
axons were rounder and contacted their neighbors more
equally than in normal limbs. These changes are reminis-
cent of those previously reported for motoneuron axons in
intramuscular nerve branches after CAM perturbations
(Landmesser et al., 1988). In normal embryos, these mo-
toneuron axons have angular profiles and adjacent mem-
branes are often parallel to one another. Following experi-
mentally induced increases in cell adhesion, regions of
close parallel apposition are increased, whereas after L1
blockade, motoneuron axon profiles are more rounded and
adjacent membranes appear ruffled, with variable spacing
between them. Applying this type of reasoning to our
results, the lengthy contacts often present among sensory
axons in normal embryos would then be an indicator of
strong adhesive interactions, while the rounding of axons
and the equalizing of contacts after L1 blockade would be
consistent with a decrease in adhesion. Thus, while sensory
axons normally may preferentially adhere strongly to a few
among their neighbors, after anti-L1 blockade, sensory
axons may be equally and weakly adherent to several
neighboring axons, and so, they may have to navigate more
independently.
A second possible indication of a defasciculating effect of
the L1 blockade was that sensory axon bundles frequently
had a wavy appearance in sections through the plexus.
Other investigators have previously noted the presence of
undulating neuronal processes when CAMs either are not
expressed or are prevented from functioning (Weiland et al.,
1997; Demyanenko et al., 1999), and have suggested that
the waviness is attributable to an increase in the extent to
which growth cones explore their environment when adhe-
sion is decreased. This may also be the case here. However,
we cannot be certain that the increased waviness actually
results from changes in growth cone behavior. It may
instead be a consequence of decreased adhesion either
among the trailing axons or between axons and the sur-
rounding extracellular matrix, due to possible alterations in
L1–integrin interactions (Hortsch, 1996; Brummendorf et
al., 1998). However, regardless of the underlying mecha-
nism, based on the experimental situations in which it is
found, increased waviness appears to be a manifestation of
decreased adhesivity.
Evidence for Increased Branching of Sensory Axons
after L1 Blockade
Although the number of retrogradely labeled MFCt and
LFCt neurons in anti-L1-injected limbs was decreased, the
number of axons counted in EM micrographs of these two
nerves was in the normal range. A likely reason for the
disparity between neuron counts and axon counts is that
sensory axons branch to a greater than normal extent before
reaching the site in the cutaneous nerve where they were
counted. Unfortunately, branching axons are not readily
visualizable in cross-sections and so we were unable to
confirm increased branching in our EM micrographs. In
theory, more direct evidence for increased branching could
come from examining the trajectories of anterogradely
labeled sensory axons at the light microscopic (LM) level.
However, we rarely observed the tricorne-shaped structures
that Hollyday and Morgan-Carr (1995) suggested are indica-
tive of branching. Further, with LM it is not possible to be
certain whether a single axon actually branches or whether
two axons that were previously tightly fasciculated to-
gether diverge from one another (Tang et al., 1994). Inter-
estingly, chick motoneuron axons show increased
bifurcation/divergence when, starting from the time they
first extend, adhesivity is experimentally decreased (Tang et
al., 1994). Thus, it seems likely that L1 blockade also
embryos with control injections (P  0.038). A similar pattern of results was seen for the contralateral limbs, due to antibody spread,
although the differences between groups were not statistically significant. The area occupied by the LFCt nerve in limbs injected with
anti-L1 was significantly smaller than for the contralateral limb (P  0.003), and the ratio of LFCt areas for the injected, right limbs as
compared to the contralateral, left limbs was less for anti-L1-injected embryos than for normal (P  0.0081) or for control-injected embryos
(P  0.0497). Thus, L1 blockade results in a decrease in LFCt area that is greater for the injected limb than the contralateral limb, in accord
with its exposure to higher concentrations of anti-L1. Data shown are the least square mean  standard error. LFCt areas were compared
after using a log transformation. LFCt areas and the ratio data were tested for statistical significance using a mixed model analysis of
variance for repeated measures and a priori contrasts. Calibration bar for (A), 200 m; for (B–E), 100 m.
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promotes the branching of sensory axons. It should be noted
that such branching would compensate for the slower
axonal outgrowth that results in reduced numbers of retro-
gradely labeled cutaneous neurons and thereby help ex-
plain why the area occupied by sensory axons in the spinal
nerves and plexus was not significantly decreased after L1
blockade.
Evidence for Increased Tortuousity of Sensory
Axon Trajectories after L1 Blockade
The results show that, after anti-L1 injection, individual
sensory axons followed trajectories that are less straight and
more tortuous than normal. This finding is reminiscent of
that of Tang et al. (1994) for motoneuron axons extending
into the limb under conditions of decreased adhesivity. In
our experiments, the increased tortuousity of axonal trajec-
tories presumably is a consequence of the decreased axon–
axon adhesion that accompanies the blockade of L1 func-
tion. If sensory axons are less tightly fasciculated together,
their growth cones may wander more widely, either be-
cause they are not closely associated with the appropriate
partners that can serve as a source of guidance cues, or
because, when on their own, they have difficulty respond-
ing to specific limb cues. On the other hand, if axons are too
tightly fasciculated together, growth cones also may be
limited in their ability to respond to guidance cues and to
change relationships with nearby axons, and this could
contribute to projection errors (Tang et al., 1994; Honig and
Rutishauser, 1996). Hence, an optimal level of adhesion
may be needed for appropriate pathfinding.
Evidence for Delayed Segregation and Pathfinding
Errors after L1 Blockade
As discussed in the preceding sections, sensory axons
grow into anti-L1-injected limbs more slowly, adhering less
extensively to their neighbors, wandering more widely, and
branching more frequently than normal. Given the pre-
sumed impact of these effects on orderly outgrowth, it is
not surprising that the efficacy of sensory axon pathfinding
also appears to be diminished. Unfortunately, the lack of
any independent markers of a sensory neuron’s identity
makes it impossible to show unequivocally that individual
neurons project inappropriately after experimental pertur-
bations (Honig et al., 1986; Landmesser and Honig, 1986).
Nonetheless, the only plausible reason for the increased
contribution from DRGs LS2 and LS3 to the MFCt and
LFCt nerves in the current experiments is that at least some
axons had been misdirected along these two nerves (see also
Honig and Rutishauser, 1996). The absence of independent
markers of neuronal identity raises the additional possibil-
ity that more neurons projected inappropriately than was
evidenced by changes in the relative contributions from the
different DRGs. If this possibility was true, given that axons
ultimately projecting along each cutaneous nerve normally
occupy a restricted region within each spinal nerve (Honig
et al., 1998a), one might expect L1 blockade to result in
large changes in the distributions of retrogradely labeled
axons at proximal parts of their trajectory. For example, if
retrogradely labeled MFCt axons were distributed uni-
formly throughout the proximal spinal nerves, it would
suggest that cutaneous axons grew into the periphery ran-
domly. Alternatively, if the retrogradely labeled axons were
localized to the part of the spinal nerve nearest to the
specific cutaneous nerve along which they project, it would
suggest that sensory axons simply chose the nearest avail-
able pathway after L1 blockade. However, the actual distri-
bution of MFCt and LFCt axons proximally was within the
normal range, thus arguing against both of these possibili-
ties, and instead suggesting that the relative increase in the
projections from DRGs LS2 and LS3 provides a reasonable
indicator of the number of neurons making projection
errors.
Despite the seemingly normal distributions of LFCt and
MFCt axons, we observed a greater than normal amount of
intermixing between them in each of the three spinal
nerves. It is important to note that increased intermixing
was not found in embryos injected with buffer or with
anti-NCAM, and thus, it appears to be due to a specific
effect of anti-L1. For spinal nerves LS2 and LS3, the in-
creased intermixing may be due to the presence of the
inappropriately projecting sensory axons just discussed
and/or to a delay in the segregation of correctly projecting
axons. For example, the misprojecting axons may occupy
positions outside of the normal territory for that subpopu-
lation of cutaneous axons when they initially enter the
spinal nerves and so they may be more widespread than
normal at the level we analyzed. Alternatively, or in addi-
tion, as a consequence of the diminished interaxon adhe-
sion that accompanies L1 blockade, even some of the
correctly projecting LFCt and MFCt axons may be less
facile at joining together with the appropriate partners in
nerve-specific fascicles, and so each type of cutaneous axon
may not become restricted to its appropriate territory until
a more distal level of the spinal nerves than normal. Until
specific markers are developed for these specific subpopu-
lations of sensory neurons, it will not possible to distin-
guish between these two possibilities.
In contrast to DRGs LS2 and LS3, we found no evidence
that DRG LS1 contained any neurons that had been misdi-
rected into these two cutaneous nerves, and so the in-
creased intermixing observed in spinal nerve LS1 may have
a different explanation than that just given for LS2 and LS3.
As previously discussed, the contribution of DRG LS1 to
the MFCt and the LFCt nerves was decreased, at least in
part, because sensory axons grow into the limb at a slower
than normal rate. Moreover, in the proximal part of spinal
nerve LS1, the retrogradely labeled MFCt and LFCt axons
occupied generally correct positions, suggesting that they
had indeed projected appropriately. There were statistically
significant increases in the areas occupied by LFCt and
MFCt axons on a per neuron basis in spinal nerve LS1, but
not in spinal nerves LS2 and LS3, which can best be
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explained by an increase in the tortuousity of axonal
trajectories. Finally, we also found a greater than normal
amount of intermixing between LFCt and MFCt axons in
spinal nerve LS1, which was in proportion to the increased
areas occupied by LFCt and MFCt axons individually, and
so it too may be explained simply by the more tortuous
trajectories followed by cutaneous axons.
CONCLUDING REMARKS
The present studies demonstrate changes in the orderly
and timely outgrowth of sensory axons in the chick hind-
limb that are likely to stem from interfering with the
fasciculating and growth promoting effects of L1 that have
been demonstrated in vitro. Among the effects of L1 block-
ade that our data reveal are a decrease in the rate of axon
outgrowth, and increases in axon branching, in the inter-
mixing of axons projecting along different cutaneous
nerves, in the complexity of axonal trajectories, and in
errors in selecting the appropriate peripheral nerve path-
way. At the EM level, we observed signs of decreased
adhesion among sensory axons. Interestingly, the relative
increase in the tortuousity of axonal trajectories appeared to
be greater than the change in the segmental pattern of
sensory projections. This raises the possibility that, al-
though L1 blockade causes some axons to meander exces-
sively as they traverse the plexus, most sensory axons are
eventually directed along the appropriate peripheral nerve,
presumably due to the availability of other molecular cues
that they can utilize to establish the correct projections.
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